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Inward rectiﬁerThis work demonstrates that extracellular Na+ modulates the cloned inwardly rectifying K+ channels Kir4.1
and Kir4.1-Kir5.1. Whole-cell patch clamp studies on astrocytes have previously indicated that inward
potassium currents are regulated by external Na+. We expressed Kir4.1 and Kir4.1-Kir5.1 in Xenopus oocytes
to disclose if Kir4.1 and/or Kir4.1-Kir5.1 at the molecular level are responsible for the observed effect of
[Na+]o and to investigate the regulatory mechanism of external cations further. Our results showed that
Na+ has a biphasic modulatory effect on both Kir4.1 and Kir4.1-Kir5.1 currents. Depending on the Na+-
concentration and applied voltage, the inward Kir4.1/Kir4.1-Kir5.1 currents are either enhanced or
reduced by extracellular Na+. The Na+ activation was voltage-independent, whereas the Na+-induced
reduction of the Kir4.1 and Kir4.1-Kir5.1 currents was both concentration-, time- and voltage-dependent.
Our data indicate that the biphasic effect of extracellular Na+on the Kir4.1 and Kir4.1-Kir5.1 channels is
caused by two separate mechanisms.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
The inwardly rectifying K+(Kir) channels are a class of two-
transmembrane domain K+ channels, which are regulated by a variety
of modulators, including protons, G-proteins, ATP and extracellular
K+[1]. Kir channels are predominantly responsible for maintaining
the resting membrane potential close to the equilibrium potential
for K+, and their presence is important for a multitude of cellular
functions in a number of tissues throughout the organism, including
neurons, skeletal muscle, cardiac muscle and pancreatic beta-cells.
Histochemical studies [2–4] as well as knockout studies [5, 6]
suggest that Kir4.1 is the most abundant Kir channel in glial cells, and
that the channel plays a crucial role for K+homeostasis. Heteromeric
assembly of Kir4.1 with Kir5.1 has been reported in neuroglia, and the
two subtypes of Kir channels seem to be localized in a region-speciﬁc
manner depending on the type of glial cells in question, e.g., astrocytes
or Müller cells [3, 4]. Furthermore, both the homomeric Kir4.1 and the
heteromeric Kir4.1-Kir5.1 are abundantly expressed in epithelia, e.g.,
in the kidney [7], where their key function is to enable the recycling of
K+ across the basolateral membrane (the so-called “pump-leak”
mechanism).
Whereas Kir4.1 may exist as homomeric channels or as heteromers
with Kir5.1, the latter does not form functionally homomeric channels,
but does coassemble with othermembers of the Kir family to generate
channels with modiﬁed characteristics. Upon heteromerization with45 3533 2525.
e).
ll rights reserved.Kir5.1 both modulation and the intrinsic properties are altered
compared tohomomeric Kir4.1 channels. Heteromerization introduces
a very slow time-dependent activation at hyperpolarized potentials,
increases the degree of rectiﬁcation as well as the single-channel
conductance, and further enhances the sensitivity to intracellular pH
[8,9]. Whereas strong acidiﬁcation is needed to inactivate the
homomeric Kir4.1 channel (pKa ∼5.99), the Kir4.1-Kir5.1 channel
(pKa ∼7.35) is inactivated by physiological and pathophysiological
relevant ﬂuctuations in intracellular pH [9–12]. It has also recently
been reported that Kir4.1-Kir5.1, but not homomeric Kir4.1, is
sensitive to intracellular Na+ [13].
Patch clamp studies on Müller cells and hippocampus/spinal cord
astrocytes have shown that the conductance through astrocytic Kir
channels are modulated by external Na+([Na+]o) in a manner distinct
from other cell types expressing Kir channels [14]. This Na+ sensitivity
means that even moderate changes in extracellular Na+, as occurs
during, e.g., epileptic seizures, ischemia or spreading depression [15,
16] would reduce the glial buffering of extracellular K+. The
consequence of this will be, e.g., a prolongation of epileptic seizures
[17]. However, themolecular identity of the glial Kir channels sensitive
to Na+ has so far not been revealed in studies employing heterologous
expression. Here we investigate the effect of [Na+]o on cloned Kir4.1
and Kir4.1-Kir5.1 channels expressed in Xenopus oocytes to disclose if
Kir4.1 and/or Kir4.1-Kir5.1 at the molecular level could be responsible
for the apparent effect of [Na+]o observed in glial cells [14]. In
addition, we further investigate the regulatory mechanism on Kir
channels by external cations and, in particular, examine whether
Kir4.1 and Kir4.1-Kir5.1 are distinctly modulated by cations.
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2.1. Molecular biology
cDNAs encoding rat Kir4.1 and the tandemly linked rat Kir4.1-
Kir5.1 construct were kind gifts from S. J. Tucker, Oxford Centre for
Gene Function, Great Britain. The tandemly linked dimeric Kir4.1-
Kir5.1 construct was chosen in order to avoid contaminating
homomeric Kir4.1 current in the Kir4.1-Kir5.1 measurements. The
Kir4.1-Kir5.1 construct has previously been reported to be the most
accurate for studying the heteromeric Kir4.1-Kir5.1 channel [18]. The
cDNAs encoding homomeric Kir4.1 and heteromeric Kir4.1-Kir5.1 have
been subcloned into the oocyte expression vector pBF as described
elsewhere [18]. The DNA templates were linearized with MluI (New
England Biolabs) before cRNAs were synthesized by standard in vitro
transcription using the SP6 mMessage Machine kit according to
manufacturer's instruction (Ambion, Austin, TX). cRNAs were
extracted using the MEGAclear kit (Ambion Ltd.) and the cRNA yields
were evaluated by OD measurements (A260/A280: 1.8–2.0) and by
agarose gel electrophoresis.
2.2. Expression in Xenopus laevis oocytes
The procedure of oocyte preparation is previously described [19]. In
brief, the oocytes were surgically removed from anaesthetized (2 g/l
tricaine, Sigma) Xenopus laevis frogs in accordance with national
guidelines. The oocytes were defolliculated enzymatically before
incubation with hypertonic phosphate media, which provided further
separation of the follicle cell layer from the oocytes. Stage V or VIFig. 1. Representative current traces of a Xenopus oocyte expressing homomeric Kir4.1 (A) or h
[K+]o in absence or in presence of 30/86mM [Na+]o. Currents were evoked by voltage steps f
mV increments with a step duration time of 1 s.oocytes were collected and a total amount of 15 ng/oocyte cRNA was
injected. Until electrophysiological measurements were carried out,
the oocyteswere kept in Kulorimedium (90mMNaCl,1mMKCl,1mM
MgCl2, 1 mM CaCl2, 5 mM HEPES, pH 7.4) at 17°C.
2.3. Electrophysiology
Two-electrode voltage clamp studies were performed 18–48 h
post-cRNA injection at room temperature using an Oocyte Clamp
ampliﬁer (Warner Instruments Corp.; OC-725 B) with a PC-interface
(iWorx 118). Data were sampled at 100 Hz, unless otherwise noted.
The voltage clamp pulses and data acquisition functions were
processed using the Labscribe software (CB Sciences, Inc.). Recording
electrodes were pulled from capillary glass (TW 120-3, World
Precision Instruments, Inc.) on a programmable micropipette puller
(P-97, Sutter Instruments). The electrodes were ﬁlled with 1 M KCl
and had resistances ranging from 0.5 to 1.5 MΩ.
Recordings of oocyte membrane ion currents were made in
solutions with four different K+-concentrations. K+ was provided
both as KCl and KOH to give ﬁnal K+ concentrations ([K+]o) of 3.5, 7.5,
12.5, or 20 mM. The perfusion medium contained (mM): 1 MgCl2, 1
CaCl2, 5 HEPES pH: 7.4 (adjusted with KOH). The Na+ concentration
([Na+]o) was 1, 3, 10, 30, 60, or 86 mM (81 in 12.5 mM [K+]o and
71 mM [Na+]o in 20 mM [K+]o) in combinationwith the four different
K+ concentrations. In experiments where NaCl was substituted with
LiCl, [K+]o was kept constant at 7.5 mM. In experiments with altered
[Na+]o or [Li+]o, NaCl/LiCl was substituted with equimolar choline-
chloride to maintain a constant osmolarity. A perfusion system was
connected to the oocyte recording chamber, which allowedeteromeric Kir4.1-Kir5.1 (B). The Kir4.1/Kir4.1-Kir5.1 currents were recorded in 7.5 mM
rom the holding potential (−60mV) to potentials ranging from−180 to−40mV in 14-
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checked prior to voltage clamping as indication for oocyte condition
and channel expression. In 3.5 mM [K+]o the membrane potential was
approximately −80 mV, in 7.5 mM [K+]o approximately −60 mV, in
12.5 mM [K+]o approximately −50 mV, and in 20 mM [K+]o
approximately −30 mV. Holding potentials were set to these values
in the titration experiments. In each Na+/Li+ concentration, the
applied voltage was stepped from −180 mV to −40 mV in 14 mV
increments.
2.4. Data analysis
The ohmic leak current was checked in non-injected oocytes from
each oocyte batch. The leak currents were typically below ±0.2 μA at
any potential. The Kir-expressing oocytes showed current of at least
−1.0 μA (at −180 mV in absence of [Na+]o/[Li+] o) and most often
the currents were much larger.
Plateau currents (IPlat) were measured at the end of the 1-s test
pulses, whereas peak currents (IPeak) were measured at the initial
current peak. Due to the fact that oocytes exhibit current variations,
especially between different batches but alsowithin a single batch, data
were normalized. From the Na+/Li+ titration data, current–voltage
(I–V) relationship was constructed by normalizing with respect to the
current recorded at −180 mV in the absence of [Na+]o/[Li+]o. Only
data sets, in which the current deviation between the initial and ﬁnal
data set (both with 0 mM [Na+]o) after measuring at the six different
Na+ concentrations was less than 10%, were used for further analysis.
The data from each experimental procedure are obtained from at
least three different oocytes and are given as means ±S.E.M. For
statistical evaluation the paired or unpaired t-test was used as
appropriate with a level of signiﬁcance set at 5% (two-sided value).
Before the unpaired t-test was applied, the assumption of equal
variance was checked using the F-test.Fig. 2. The effects of monovalent cations on the Kir4.1 current. The oocytes were held at −6
7.5 mM [K+]o. (A) The effect of increasing [Na+]o concentrations on the normalized Kir4.1
increasing [Na+]o concentrations on the normalized Kir4.1 peak current (current recorded
[Li+]o-concentrations on the normalized Kir4.1 plateau current. Both the Na+ and Li+ ef
[Na+]o/[Li+]o at the potential of−180mV. Themean of n different experiments±S.E.M. is sh
The inhibition was measured as the normalized plateau current remaining after Na+ applica3. Results
3.1. Effect of external Na+ on the homomeric Kir4.1 channel
To examine the Na+ sensitivity of Kir4.1, the channel was expressed
in Xenopus oocytes. In initial experiments the I–V relationship of the
Kir4.1 channel was examined by the two-electrode voltage clamp
technique in media containing 7.5 mM [K+]o. Currents were recorded
following voltage steps (1 s) from a holding potential of −60 mV to
potentials from−180mV to−40mV in increments of 14mV, a protocol
essentially as used earlier for this channel type [20]. Representative
current traces from such experiments are shown in Fig. 1A. In the
absence of [Na+]o, the Kir4.1 current immediately reached a peak
amplitude (IPeak) fromwhich it subsequently decayed towards a plateau
value (IPlat). The degree of decaywas positively correlated to the level of
hyperpolarization. In 30 mM or 86 mM [Na+]o, the subsequent current
decay was markedly increased, in particularly at strongly hyperpolariz-
ing potentials. Furthermore, IPeak was increased at all hyperpolarizing
potentials. Thus, these results suggest that Na+ has a dual effect on the
Kir4.1 currents; an activation of the peak current with a concomitant
increase in current decay at strongly hyperpolarizing potentials.
3.2. The effects of monovalent cations on the Kir4.1 current
Figure 2 shows the normalized IPlat (A) and IPeak (B) for Kir4.1 as a
function of the membrane potential in increasing concentrations of
extracellular Na+ (0, 1, 3, 10, 30, 60, or 86 mM) with [K+]o kept
constant at 7.5 mM. At each [Na+]o concentration, the previously
described voltage protocol (cf. Fig. 1) was applied and IPeak and IPlat
were measured (at very hyperpolarizing potentials, IPlat may be
slightly overestimated as the current may not have entirely reached a
plateau). As illustrated, extracellular Na+ has a clear concentration-
and voltage-dependent biphasic modulatory effect on the IPlat–V0 mV and stepped from −180 to−40 mV (1 s). The Kir4.1 currents were recorded in
plateau current (currents measured in the end of the voltage steps). (B) The effect of
instantaneously after the hyperpolarizing voltage steps). (C) The effect of increasing
fects were completely reversible. The data were normalized to the current in 0 mM
own. (D) The inhibitory effect of 30mM [Na+]o/[Li+]o in different [K+]o concentrations.
tion at a potential of−180 mV.
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extracellular Na+ either enhanced or reduced IPlat. At strongly hyper-
polarizing potentials (below −150 mV), even quite moderate [Na+]o
concentrations (N3 mM) induced a marked reduction in IPlat. In
contrast, at moderate hyperpolarization, i.e., at membrane potentials
between approximately−96 to−150mV, high [Na+]o concentrations
(≥30 mM) enhanced IPlat. This dual effect of Na+ is reﬂected in the
characteristic shape of the I–V curves; at low [Na+]o concentrations, a
reduction of IPlat is observed at strongly hyperpolarized potentials,
whereas at higher [Na+]o concentrations, the enhancement of IPlat at
moderate hyperpolarization together with the reduction observed at
strong hyperpolarization introduces a “peak” (maximum) in the
inward current at around −150 mV. In contrast, only the enhancing
effect of extracellular Na+ is seen when inspecting the IPeak–V curve
(see Fig. 2B). The effect on IPeak shows some voltage dependency in
that IPeak was increased by approximately 78% at−180mV and by 54%
at −110 mM upon raising [Na+]o from 0 to 86 mM.
In addition, it should be noted that at potentials above−40mV, Na+
application did not markedly affect the I–V curves (data not shown).
Changes in [Na+]o also did not markedly shift the reversal potential of
the Kir4.1 current, indicating that Na+ is not permeating through the
channel, but rather modulates the channel from the extracellular side.
3.3. Sensitivity to extracellular Li+
To further investigate the nature of Kir4.1 regulation by extracellular
monovalent cations, the effect of lithium (Li+) on Kir4.1 mediated
currents was also examined. Li+ was chosen since it is a monovalent
cation with ionic radius close to that of Na+. The normalized IPlat
currents after application of different concentrationsof [Li+]owith [K+]o
kept constant at 7.5 mM are shown in Fig. 2C. The results show that at
membrane potentials N−150mV, Li+ increased IPlat in the sameway as
Na+ (compare Fig. 2A andC). The normalized IPlat evoked at−150mV inFig. 3. The effects of monovalent cations on the Kir4.1-Kir5.1 current. The oocytes were held
recorded in 7.5 mM [K+]o. (A) The effect of increasing [Na+]o concentrations on the normaliz
The effect of increasing [Na+]o concentrations on the normalized Kir4.1-Kir5.1 peak current (
of increasing [Li+]o concentrations on the normalized Kir4.1-Kir5.1 plateau current. Both the N
in 0 mM [Na+]o/[Li+]o at the potential of −180 mV. The mean of n different experiments
concentrations. The inhibition was measured as the plateau current remaining after Na+ apthe presence of 86 mM Li+ was −1.29±0.03 (n=7) as compared to
−1.43±0.06 (n=8) in 86mMNa+. This differencewas not statistically
signiﬁcant (PN0.05). In contrast, Li+ was less effective with respect to
increasing the peak current (data not shown). The normalized IPeak
evoked at−180 mV in the presence of 86 mM Na+ was−1.87±0.10
(n=8) as compared to −1.56±0.04 (n=7) in 86 mM Li+. This
differencewas statistically signiﬁcant (Pb0.05). Atmembranepotentials
b−150 mV, Li+ was observed to have a slightly reducing effect on IPlat,
which is particularly evident at 30 mM (Fig. 2C). The Li+-induced
reduction of IPlat was, however, considerably smaller compared to that
observedwithNa+. This is evidentwhen comparing the normalized IPlat
remaining at −180 mV in the presence of Li+ or Na+ (Fig. 2D, last
column). In30mM[Li+]o the normalized IPlatwas−0.86±0.03 (n=7);
however, in 30mMNa+, the normalized IPlat was−0.42±0.03 (n=8).
This difference was statistically signiﬁcant (Pb0.001).
3.4. Effect of changes in [K+]o on the homomeric Kir4.1 channels
As is the case for most Kir channels, the conductance of Kir4.1
channels is increased by increasing concentrations of extracellular K+.
We therefore examined if changes in [K+]o would inﬂuence the
modulatoric action of [Na+]o on IPlat and IPeak. At 30 mM, [Na+]o
signiﬁcantly reduces the inward IPlat at membrane hyperpolarized
membrane potentials (cf. Fig. 2A), and in Fig. 2Dwe examined the effect
of increasing extracellular concentrations of [K+]o on the Na+ inhibition
at a membrane potential of−180mV. The rational for choosing 30mM
[Na+]o was that at this concentration the effect of Na+ is marked and
monophasic (inhibitory). As before the inward plateau currents (IPlat)
were normalized to the current found at 0 mM [Na+]o, and the
experiments show that the reduction in inward current induced by
30 mM can be totally reversed by 20 mM [K+]o, whereas K+
concentrations of 3.5–12.5 mM had no signiﬁcant effect (Fig. 2D).
With respect to the Na+-induced enhancement of IPlat (seen at [Na+]oat−60 mV and stepped from−180 to−40 mV (1 s). The Kir4.1-Kir5.1 currents were
ed Kir4.1-Kir5.1 plateau current (currents measured in the end of the voltage steps). (B)
current recorded instantaneously after the hyperpolarizing voltage steps). (C) The effect
a+ and Li+ effects were completely reversible. The datawere normalized to the current
±S.E.M. is shown. (D) The inhibitory effect of 30 mM [Na+]o/[Li+]o in different [K+]o
plication at a potential of −180 mV.
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increasing [K+]o up to 20mM(data not shown). The enhancing effect of
Na+ on the normalized inward IPeak evoked at −180 mV was not
signiﬁcantly (PN0.05) altered by increasing [K+]o from 3.5 to 20 mM
(IPeak in 60 mM [Na+]o/3.5 mM [K+]o: 1.29±0.04 (n=7); IPeak in
60 mM [Na+]o/20 mM [K+]o: 1.40±0.03 (n=4)) (data is not shown).
Thus, extracellular K+ seems to reverse the inhibiting effect of
extracellular Na+, whereas the stimulating effect of Na+ seems
unaffected.
3.5. Effect of heteromerization with Kir5.1
As mentioned previously, Kir4.1 channels are often found as
heteromers with Kir5.1. To assess whether heteromerization with
Kir5.1 inﬂuenced the effects of extracellular cations, measurements
similar to those performed on Kir4.1 homomer were done in oocytes
expressing the heteromeric channel for direct comparison (Fig. 1B).
As observed for the homomeric channel, in the absence of [Na+]o,
the Kir4.1-Kir5.1 current immediately reached a peak amplitude from
which it subsequently decayed. The degree of decay was again
positively correlated to the level of hyperpolarization. As for Kir4.1,
extracellular Na+ was found to increase IPeak with a subsequent
increase in decay, in particularly at strongly hyperpolarizing poten-
tials. However, in contrast to the homomer, the current decay to IPlat
was followed by a very slow activation of the current (see Kinetics
section).
As seen in Fig. 3A and B, increasing the extracellular concentration
of Na+ had qualitatively the same effect on the heteromeric channels
as is shown for the homomeric channels except that the enhancing
effect of Na+ is somewhat smaller. Furthermore, in high concentra-
tions of Na+, IPeak evoked at −180 mV seems to saturate (Fig. 3B).
Application of extracellular Li+ also had a similar effect on Kir4.1-
Kir5.1 as observed for the homomeric Kir4.1 channel although the
changes were smaller. With respect to the enhancing effect, Li+ was asFig. 4. Kinetics of the Kir4.1 current at two different potentials. Current traces of 2 s obtained
(red lines) of 86mM [Na+]o. The current traceswere sampled at 500 Hz. (C) shows the ﬁrst 0.
(C) and (D) the absolute currents from (A) and (B) are normalized to the current recordedeffective as Na+. In 86 mM [Na+]o/7.5 mM [K+]o, the normalized IPeak
evoked at −180 mV was −1.49±0.09 (n=6) which is not
signiﬁcantly (PN0.05) different from IPeak recorded in 86 mM [Li+]o/
7.5 mM [K+]o (−1.54±0.11, n=8). In contrast, the Li+-induced
reduction of the Kir4.1-Kir5.1 currents is considerably smaller than
that induced by Na+. For example, the normalized IPlat evoked at
−180 mV in 30 mM [Na+]o was−0.47±0.04 (n=6) as compared to
−0.91±0.05 (n=8) in 30 mM [Li+]o (cf. Fig. 3B and C). This
difference is highly signiﬁcant (Pb0.001).
As observed for the homomeric channels, increasing [K+]o from
3.5 to 12.5 mM did not signiﬁcantly change the Na+-induced
enhancement of the Kir4.1-Kir5.1 currents. The normalized IPeak
evoked at−180 mV in the presence of 86 mM [Na+]o/3.5 mM [K+]o
was −1.32±0.06 (n=6) and in 86 mM [Na+]o/12.5 mM [K+]o it
was −1.50±0.08, n=13 (PN0.05). No overall change in the I–V
relationship of the current was observed (data not shown). The
inhibitory action of extracellular Na+ was enhanced by increasing
[K+]o from 3.5 to 7.5 mM (Fig. 3D). However, increasing the
concentration of [K+]o from 7.5 to 12.5 mM greatly reversed the
inhibitory action of Na+on Kir4.1-Kir5.1 (Fig. 3D).
3.6. Kinetics of the Kir currents
It is evident from Fig. 1 that [Na+]o has a modulatory effect on both
Kir4.1 and Kir4.1-Kir5.1 channels. The details of this modulatory effect
were investigated by examining the effect of extracellular Na+ on the
time course of the currents evoked at membrane potentials of
−110 mV, where the effect of Na+ is primarily enhancing, and at
−166 mV, where the effect of Na+ is clearly biphasic. To assure that
the currents had reached their steady-state level, the step duration
was increased to 3 s for Kir4.1 and to 10 s for Kir4.1-Kir5.1 (cf. Figs. 4
and 5) of which the ﬁrst 2 s are illustrated in Figs. 4A and 5A.
The results for the Kir4.1 homomeric channel are shown in Fig. 4.
The Kir channels were activated by a hyperpolarizations to−110 mVat−110 mV (A and C) and at−166 mV (B and D) in absence (black lines) or presence
5 s of the current traces of (A), and (D) shows the ﬁrst 0.5 s of the current traces of (B). In
instantaneously after the hyperpolarizing voltage steps.
Fig. 5. Kinetics of the Kir4.1-Kir5.1 current at two different potentials. Current traces of 2 s obtained at −110 mV (A and C) and at −166 mV (B and D) in absence (black lines)
or presence (red lines) of 86 mM [Na+]o. The current traces were sampled at 500 Hz. (C) shows the ﬁrst 0.5 s of the current traces of (A), and (D) shows the ﬁrst 0.5 s of the
current traces of (B). In (C) and (D) the absolute currents from (A) and (B) are normalized to the current recorded instantaneously after the hyperpolarizing voltage steps.
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[Na+]o. At this potential, the Kir4.1 channels showed a fast activation
followed by a slight decay. Extracellular Na+ enhances the current by
approximately 45% without changing the overall time-course of the
current (Fig. 4C).
At −166 mV, in the absence of Na+, it is clear that the current
decay is slightly more pronounced than at −110 mV (compare Figs.
4A and B, black traces). These results are in agreement with previous
observations, demonstrating that the current decay process is voltage
dependent [20]. In the presence of 86 mM [Na+]o, the decay became
much more pronounced resulting in IPlat now constituting only about
50% of IPeak as compared to 75% in the absence of Na+(Fig. 4B).
The effect at−166mVwas quantiﬁed bymeasuring the half-decay
time (T½) for the Kir4.1 current. T½ was estimated to 0.34±0.04 s
(n=5) in the absence of Na+ and decreased to 0.18±0.03 s (n=5) in
the presence of Na+ (Pb0.05).
To summarize, it can be observed that at−110mV extracellular Na+
(86 mM) enhances both IPeak and IPlat to the same extent, whereas at
−166mV, extracellularNa+notonlyenhances IPeak, but at the same time
enhances the decay phase. These effects of voltage and extracellular Na+
are highlighted if the currents measured at −110 and −166 mV are
normalized with respect to the peak amplitude and superimposed (Fig.
4C and D).
For the heteromeric Kir4.1-Kir5.1 channel the results are essentially
similar. At−110mV, the heteromeric channels are rapidly activated and
show minimal or no decay. Application of 86 mM [Na+]o enhances the
current by approximately 40%with no change in the overall time course
of the currents (Fig. 5A and C). However, at−166mV, extracellular Na+
not only enhanced the current but also enhanced the decay phase of the
current observed during the initial ∼0.25 s. This is evident from the
absolute current measurements shown in Fig. 5B and in particular after
normalizing with respect to the peak current (Fig. 5D).4. Discussion
4.1. Kir4.1 and Kir4.1-Kir5.1 currents are modulated by [Na+]o
In the present study, we have investigated the effect of mono-
valent cations on Kir4.1 and Kir4.1-Kir5.1 channels after expression in
Xenopus laevis oocytes. The homomeric as well as the heteromeric
channels showed the expected properties, a fast activation followed
by a more or less pronounced inactivation resulting in an immediate
peak current (IPeak) followed by a plateau current (IPlat) (cf. Figs. 4
and 5). In addition, Kir4.1-Kir5.1 channels showed a slow time-
dependent reactivation, particularly at potentials below−110 mV (cf.
Figs. 1B and 5B), a property which has also been described earlier for
these channels [8].
In a series of experiments, we carefully examined the effect of
extracellular Na+ on the currents mediated by Kir4.1 and Kir4.1-Kir5.1
channels. The I–V curves presented in Figs. 2A, B and 3A, B show that
both types of inward currents are clearly sensitive to changes in
extracellular Na+. The effect of extracellular Na+ is biphasic, i.e.,
depending on the concentration and applied voltage Na+ either
enhanced or reduced the inward currents. Extracellular Na+ induced a
generalized enhancement of the inward current; however, at
potentials below −150 mV the enhancement of the plateau current
was curtailed by a Na+-induced increase in the decay phase. This
resulted in a characteristic “peak” in the IPlat–V relationship around
−150mV.Whereas the enhancing effect of extracellular Na+ requires
concentrations above 30 mM, the inhibitory effect is induced already
at concentrations from 3 mM. The overall effect of extracellular Na+
therefore resembles that which has been reported earlier for inward
current measurements in intact astrocytes, and thus support the
notion that homomeric Kir4.1 or heteromeric Kir4.1-Kir5.1 channels
are the most abundant K+ channels in these cells [5, 6, 14]. This effect
1712 R. Søe et al. / Biochimica et Biophysica Acta 1788 (2009) 1706–1713of Na+ on cloned Kir4.1 and Kir4.1-Kir5.1 channels is also in
accordance with the whole-cell data on cultured rat spinal cord
astrocytes reported earlier [14, 21].
In an attempt to elucidate the mechanisms for the biphasic effects
of extracellular Na+, we studied the effect of extracellular Na+ on the
kinetics for the Kir4.1 and Kir4.1-Kir5.1 channels (Figs. 4 and 5).
Qualitatively, the effects of extracellular Na+ on the homomeric and
the heteromeric channels are similar. In both cases, changing
extracellular Na+ resulted in an overall enhancement of the currents
evoked at −110 mV (Figs. 4A and 5A), with no effect on their time
course (Figs. 4C and 5C). However, at more hyperpolarized potentials,
the biphasic effect of extracellular Na+ became evident; for both
channels, extracellular Na+ enhanced the peak currents with a
concomitant marked increase in the decay phase (Figs. 4B and 5B).
These data suggests that at high concentrations Na+ enhances the
Kir4.1 and Kir4.1-Kir5.1 mediated current and in addition promotes
the time-dependent inactivation of the channels in a voltage-
dependent manner.
The only effect observed by changing extracellular K+ was on the
Na+-induced change in inactivation. However, even this effect
required relatively high concentrations of K+. For the Kir4.1 channels
the Na+-induced increase in inactivation was virtually reversed by
20 mM [K+]o. For the heteromeric Kir4.1-Kir5.1 channel, the Na+-
induced increase in inactivation was initially ampliﬁed by moderate
increases in [K+]o (7.5 mM); however, this was reversed by further
increasing [K+]o to 12.5 mM.
It is well know that the conductance through Kir channels
increases with increasing concentrations of extracellular K+[14, 20].
K+ activation of inward rectiﬁers is a consequence of positively
charged residues in the extracellular part of the pore region (arginines
positioned +2 according to the GYG sequence) which regulate K+
occupancy of the selectivity ﬁlter [22, 23]. Most likely the apparent
activation by K+ is due to a prevention of pore collapse, which occurs
in relatively low K+ concentrations [24, 25]. Whether the Na+-
induced enhancement of the Kir-mediated current is also due to Na+
functioning as a stabilizing ion, which keeps the selectivity ﬁlter in the
ion-conducting state cannot be elucidated from the data presented
here. However, the fact that changing extracellular K+ only had
marginal effect on the Na+-induced enhancement could indicate that
Na+ ions have occluded the enhancing action of K+, suggesting a
common “target” for these two cations.
In a ﬁnal series of experiments, we examined the effect of
increasing the extracellular concentrations of the cation, Li+. For
both the homomeric and heteromeric channel, Li+ was capable of
reproducing the enhancing effect of Na+. However, the reduction in
the plateau current observed at potentials below−150 mV was much
less compared to that observed with Na+. These observations are also
consistent with whole-cell currents recorded from astrocytes [14]. The
observation that Li+ primarily mimics the Na+-induced enhancement
of the homomeric and heteromeric channels but not the Na+-induced
increase in inactivation suggests that the effects of Na+ are caused by
the interactionwith two different binding sites on the channels, one of
which is also accessible to Li+.
This possibility is further supported by the observation that the
enhancing and reducing effects become apparent at different
potentials and that the Na+-induced effects show different kinetics;
extracellular Na+enhanced both the peak and the plateau currents,
whereas only the plateau current was reduced by Na+. The fact that
other types of Kir channels (Kir2.1 and Kir2.4) only show inhibition by
extracellular Na+[26-28] further justiﬁes the suggestion of at least
two separate targets for extracellular Na+, one leading to enhance-
ment and the other leading to reduction.
The fact that the peak current is not reduced by extracellular Na+(Cf.
Figs. 1, 4 and 5) indicates that the channels have to be open before Na+
can enhance the current decay. This effect would be consistent with an
openpore block byNa+ at hyperpolarizing potentials,where the drivingforce for cations into the channel pore is maximal. A similar type of
inhibition has been observed for the Kir2.1 (IRK1) channels [26]. Here
extracellular Na+ was found to enhance the current decay without
affecting peak current. This effect was attributed to an enhancement of
the inactivation caused by an open pore blocking action. Ba2+, which is
known to bindwithin the pore of potassium channels [29] was found to
mimic the action of Na+ on Kir2.1 channels. [26, 30].
A biphasic effect on Kir currents upon [Na+]o application is also
seen on whole-cell currents of astrocytes [14]. Due to the observation
that a decrease in Na+ reduces the current amplitude of Kir-
expressing astrocytes, Ransom et al. exclude a pore block mechanism
by [Na+]o as a possibility [14]. However, Ransom et al. do not take
into consideration that at certain concentrations (b30 mM) Na+
shows only an inhibitory effect, whereas higher concentrations are
necessary to observe the biphasic effect. Our results indicate that the
observed effects of extracellular Na+ are likely to be due to two
separate mechanisms.
In conclusion, we show that heterologously expressed Kir4.1 and
Kir4.1-Kir5.1 are modulated by extracellular Na+ in a biphasic manner.
Depending on the concentration and applied voltage, extracellular Na+
either enhances or reduces Kir4.1 and Kir4.1-Kir5.1 currents. Our results
indicate that [Na+]o promotes inactivation in a concentration-, voltage-
and time-dependent manner. In this respect, the effect of [Na+]o is
similar to that described for Kir2.1, for which the Na+ inhibitory effect is
suggested to be caused by an open channel pore blocking action.
Furthermore, we suggest that the Na+-induced enhancement of the Kir
currents is caused by Na+ stabilizing the conductance state of the pore
region. In order to explain the different effects of two quite similar
cations, Na+ and Li+, we further have to assume two separate binding
sites for the Na+ ion.Acknowledgements
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